The blowout limits of a number of swirl-stabilized, nonpremixed flames were measured, and the observed trends are successfully explained by applying certain concepts that previously have been applied only to nonswirling flames. It is shown that swirl flame blowout limits can be compared to well-known limits for nonswirling simple diffusion flames by using the proper nondimensional parameter, i.e., the inverse Damkohler number (UF/dF)/(SL 2/ctF). The fuel velocity at blowout (UF) was measured while four parameters were systematically varied: the fuel tube diameter (dE), the fuel type and thus reaction rate, which is related to the maximum laminar burning velocity (St.), the coaxial air velocity (UA), and the swirl number. Results show that for zero swirl, the blowout curves agree with curves predicted by previous analysis. However, as swift is added, the flame becomes five times more stable (based on maximum fuel velocity). To explain the effect of swirl, a simple analysis is presented that is an extension of previous nonswirling flame blowout theory. It shows that the conventional swift number is not the appropriate governing parameter. Instead, a Damkohler number based on swift velocity is suggested by the analysis and is found to help collapse the data at the rich blowout limit to a single, general curve. Swirl causes a jet-vortex interaction; the recirculation vortex reduces the fuel jet velocity on centerline, which strongly stabilizes the lifted flame. As one increases the fuel tube diameter or the reaction rate (by adding hydrogen), the swirl flame becomes more stable, in a manner similar to a nonswirling flame. Another advantage of swirl is that it makes overall fuel-lean operation possible; the present flame is unstable without swirl for fuel-lean conditions. NOMENCLATURE
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INTRODUCTION
The purpose of this article is to report some systematic measurements of the blowout limits of swirl-stabilized flames and to explain the measured trends using concepts that have been successfully used in nonswirling flames. The swirl flame that was studied can be described, in simplest terms, to be a fuel jet that passes through the center of a strong toroidal vortex. The vortex is the recirculation zone that is created when swirl is added to a coaxial airstream that surrounds the fuel jet (Fig. 1) . Properties of the present flame [1--4] and other swirl flames [5, 6] have been well documented because swirl is commonly used in gas turbine engines, industrial burners, and ad- vanced ramjet designs [7] and dump combustors [8] . The resulting jet-vortex interaction is known to stabilize the flame, but the reasons for the sta-'r bilizing effects are still in dispute. Some of the major questions that the present work addresses are as follows:
1. Which of several proposed mechanisms correctly explains how the flame-vortex interaction (which is cased by the swirl) increases the stability of a flame? 2. How do blowout limits of swirl flames scale as the burner size is increased and the fuel type is varied? 3. What parameter should one use to compare blowout limits of swirl flames to the limits for a simple jet flame in order to see if swirl is indeed beneficial?
Some reasons why swirl enhances flame stability have been offered by Leuckel and Fricker [9] , Rawe and Kremer [10] , and Yuasa [11] . In addition, the blowout limits of some swirl flames (for a limited range of conditions) also have been reported by Tangirala et al. [1] , Whitelaw [12] , and others [13, 14] . It is clear from the above work that there are three ways in which flame blowout occurs, which can be labeled: (1) the excessive fuel velocity limit (or the "rich limit"), (2) the excessive swirl and/or air velocity limit (or the "lean limit"), and (3) the minimum swirl limit, which leads to the disappearance of the recirculation vortex.
The effect of swirl on flame blowout still is in dispute. At present, there are four different mechanisms that attempt to explain the effect of swirl:
. Swirl is believed to be a stabilizing factor because it increases the turbulent burning velocity of the base of a lifted flame [9, 10, 14] . The base region of a lifted, initially nonpremixed flame most likely is partially premixed. Swirl should increase the turbulent burning velocity at the flame base because it increases the local velocity fluctuations by a factor of three [1] and because the recirculation vortex should create larger regions of locally premixed fuel and air than are found in nonswirling flames.
2.
A different proposal is that the recirculation vortex acts as a heat source, forcing hot products to move upstream and mix with the partially premixed reactants [5] . Thus swirl can increase the residence time during which fuel, air, and hot products can coexist, which could be an important stabilizing factor near the blowout limit. Using this argument, it also has been postulated that excessive swirl should be a destabilizing factor when the recirculation vortex becomes so large that it entrains too much cold outside air. For such conditions there would be cool gas, rather than hot gas, that is forced upstream to mix with the partially premixed reactants. 3. A third reason that could explain why swirl is a stabilizing factor is that swirl can create stagnation points that act as bluff body flame holders. Either the stagnation point at the upstream end or at the downstream end of a recirculation vortex could be a point of flame attachment. 4. Another effect of swirl is that it can greatly increase the rate of strain imposed on a flame.
That is, for fixed fuel and coaxial air flow rates, increasing the swirl velocity component can subject the reaction zone to velocity gradients (such as radial variations in the tangential velocity component) that convectively cool the flame and lead to strainout. Results below verify that excessive swirl causes flame blowout.
PREVIOUS ANALYSIS OF BLOWOUT LIMITS FOR NONSWIRLING FLAMES
In order to explain the measurements that are reported herein, it is necessary to cite two analyses that explain the blowout of nonswirling jet flames. The first approach was postulated by Vanquickenbourne and Van Tiggelen [15] and was extended by Kalghatgi [16, 17] . A flame is assumed to blow out when the local gas velocity near centerline (UcL) exceeds the local turbulent burning velocity (St) of the flame base, which is assumed to be partially premixed. This simple concept is difficult to implement because the degree of local premixing is not known, the relation between the burning velocity and turbulence level in any premixed flame is in dispute, and it is a serious error to use mean concentration levels to infer the instantaneous concentration. That is, at a given location one may find very fuel-rich conditions at some times and fuel-lean conditions at other times such that the mean equivalence ratio is stoichiometric; a model could predict that such a location is ideal for flame stabilization when in fact no flame could exist there.
Kalghatgi's analysis [ 17] employed an empirical relation for burning velocity Sr given by Andrews et al. [18] such that at the flame liftoff position z:
where SL is the maximum laminar burning velocity and ~ is the kinematic viscosity. The quantity I is the mixing length in the jet; it is proportional to the liftoff height z. Kalghatgi then uses his own empirical observation that blowout occurs when the liftoff height z is 0.75 times the length of the attached flame, which is known to be proportional to the fuel tube inner diameter dp [19] . Rootmean-squared velocity fluctuations u' are assumed to be proportional to UCL, and UCL can be shown to be UF(dF/Z)(pF/PA) 1/2 since the jet is selfsimilar and the momentum flux, which is the integral ofpU~(z)2rcr dr, is conserved. UF is the fuel exit velocity. Kalghatgi substituted these quantities into Eq. 1 to yield a nondimensional relation for blowout velocity UF:
SL2 /OgF The right-hand side of Eq. 2 is interpreted by the present authors to be an inverse Damkohler number; Kalghatgi does not use such nomenclature. It depends only on fuel and air properties; typical A different approach was suggested by Broadwell, Dahm, and Mungal [20] ; this analysis will be referred to as the BDM approach. Blowout is assumed to occur when the local fluid mechanical mixing rate, which is UCL(Z)fiS(Z), exceeds the chemical reaction rate, which is proportional to SL2/Ots. Such a concept is analogous to the criterion that was successfully used by Marble and Zukowski to explain the blowout of premixed flames stabilized by a rod [22] . UcL(Z) is the centerline axial velocity, which varies as UF(dF/Z)(pF/PA) 1/2, and t5 is the jet halfwidth that is proportional to z. The lifioff position (z) at blowout in the BDM analysis is assumed to be proportional to the length of the attached flame, which is the distance required to mix fuel and air to their stoichiometric proportions and is shown to be proportional to the fuel tube inner diameter dr. The BDM analysis leads to a blowout velocity Ur given by
where
as"
Herein the quantity defined by Eq. 5 is interpreted to be an inverse Damkohler number although Broadwell et al. do not use such nomenclature. ~ is the stoichiometric air-to-fuel mass ratio, as is the thermal diffusivity of the stoichiometric fuel-air mixture at the adiabatic flame temperature, and aF is the thermal diffusivity of the fuel at the inlet temperature. Thus the final result of the BDM analysis is similar to that of Kalghatgi (Eq. 2). Both results agree with experiments even though the right-hand sides are functionally different. Typical values of the critical inverse Damkohler number DaB-t appear in Table  1 .
In the present work, either Kalghatgi's approach or the BDM approach could be followed in plotting the results and assessing the effect of swirl. No definitive study has proven that one approach is superior. We have chosen the BDM approach and thus use DaB-I, given by Eq. 5, rather than DaK-l, given by Eq. 3, in plotting certain data because the BDM approach is the only one to successfully account for the presence of a coaxial air flow, which is used in the present experiment. Dahm and Mayman [21] and Dahm and Dibble [23] have extended the BDM concepts to correctly predict blowout curves for the case of a simple jet surrounded by a coaxial air flow having a finite diameter, as well as for the somewhat different case of co-flowing air of infinite extent. In both cases the airflow dramatically changes the blowout limits; air velocity as low as 2% of the fuel velocity can cause blowout, and a new limit appears that is a minimum fuel velocity. The fact that Dahm's analysis can correctly predict these new physical trends as well as predict both the shape and magnitude of the blowout curves, for arbitrary exit geometry and using no new empirical constants, is very encouraging.
To obtain a strong recirculation vortex, a diverging metal quarl section is placed downstream of the cylindrical throat. Upstream of the tangential air inlets, the axial air profile was made uniform by using flow straighteners and a 30-mesh screen. Additional experimental details are given in Ref.
1.
The swirl number S in this study is identical to the conventional definition given by Ref. 6 , i.e., S is the ratio of the flux of angular momentum passing through the throat to the flux of axial momentum, divided by the throat radius. Thus
EXPERIMENTAL APPARATUS
A schematic of the swirl-stabilized flame apparatus is shown in Fig. 1 . The swirl generator consists of four tangential air inlets that mix tangential air with axial air upstream of the burner. The swirling coaxial airflow surrounds a central fuel tube that injects fuel in the axial direction. Axial fuel injection is preferred because when the swirl is gradually reduced to zero, one recovers the important case of a jet flame with coaxial air that is documented in the literature; thus the swirl and no-swirl cases can be properly compared. Three different sized burners were used; their dimensions are given in Table 1 . In all cases the ratio of the fuel tube inner diameter, denoted de, to the air tube diameter dA at the throat was constant; the ratio of the fuel tube inner diameter to the outer diameter dF/de, o also was constant. Three different fuels were used: pure methane, a mixture of 0.67 methane and 0.33 hydrogen by volume, and a mixture of 0.45 methane and 0.55 hydrogen, as listed in Table 1 . Flow rates were metered to an accuracy of 5.5% using a system of 15 calibrated choked orifices and 4 rotameters. A small correction to fuel velocity was made for compressibility effects for about 10% of the data collected. That is, for most cases fuel velocity UF is determined by dividing measured fuel mass flow by the fuel tube area and by the standard density of the fuel gas. For 10% of the data, the exit Mach number of the fuel was in the range 0.3-0.6 so the exit density of the fuel that was used was determined from standard compressible flow tables and the known stagnation pressure and temperature.
Use of Eq. 6 eliminates any need to measure static pressure [24] . Laser velocimetry was used to measure profiles of ue and uz within the Vycor glass throat, and thus the swirl number S was deduced using Eq. 6. It was found that a convenient way to monitor S was to monitor the mass flow rates of the axial air (mA) and tangential air (me) to first determine a geometric swirl number (Sg), which is defined as [25] Sg_arrodA ( no ) 2 2A~ me + mA (7) At is the total area of the four tangential air inlets and r0 is the radius of the air tube where the tangential air is injected. S was measured using laser velocimetry for 17 different conditions and in all cases S was found to be 0.25Sg to within a standard deviation of 4-6%. Using this calibration, it was possible to deduce S directly from the mass flow measurements.
TYPES OF FLAMES OBSERVED
Just prior to flame blowout, three distinct types of flames were observed, as shown in Fig. 1: (1) lifted flames, which look like lifted simple jet flames; (2) type 1 jet-like flames, which look like long, attached jet flames but blow out suddenly without lifting off; and (3) short, type 2 flames, which also blow out suddenly without rising (i.e., without appreciable liftoff).
The lifted flame (Fig. la) is blue near the base, indicating appreciable fuel-air mixing in the liftoff region. The liftoff height of these swirl flames differs from that of a simple jet flame. For the swirl flames, the liftoff height is constant and independent of fuel velocity; the flame appears to stabilize just downstream of the recirculation zone. For a simple jet flame, liftoff height increases with fuel jet velocity. The second type of blowout occurs for type 1 jet-like flames (Fig. lb) . These long flames blow out without appreciable liftoff, indicating that the upstream portion of the recirculation zone is stabilizing the flame. When the fuel velocity exceeds a critical value, the conditions in the downstream region of the recirculation zone are not favorable for flame stabilization so the entire jet flame suddenly blows out. The third type of flame is the short, type 2 flame, which always appears to be blue. This type of flame has a strong recirculation zone and blowout occurs when the fuel velocity is reduced significantly. The short type 2 flames do not blow out due to excessive fuel velocity, but because the lean flame is strained out by the strong recirculation vortex.
RESULTS: EFFECTS OF SWIRL, COAXIAL AIR
The blowout limits for the intermediate size burner and methane fuel are shown in Fig. 2 . UF represents fuel velocity at the exit of the fuel tube when blowout occurs. U.4 represents the axial component of the air velocity at the throat location defined in Fig. 1 , and is determined from mass flow measurement. The first observation is that the blowout limits are defined by peninsulashaped curves, each corresponding to a different swirl number. Two questions arise that are discussed below: how does existing theory explain the observed shape of the curves, and why does the size of the peninsula-shaped stable region increase as swirl is increased? It is first noted that all of the blowout curves in Fig. 2 to the case of a simple jet flame with no coaxial air. This y-axis intercept (Fig. 2) , as well as the corresponding y-axis intercepts measured for the different burner sizes, are in reasonable agreement with the results of Kalghatgi's findings for nonswirling jet flames, as shown in Table 1 . The fact that the stable region in Fig. 2 is peninsula shaped indicates that blowout can be caused by either increasing fuel velocity above a "rich limit" or by reducing UF below a "lean limit."
The ratio of these two limits is the turndown ratio, which should be maximized for practical combustors. Figure 2 shows that the turndown ratio can be increased by increasing the swirl. It is expected that the lean limit in Fig. 2 should pass through the origin; if it intercepted the x axis, infinitely lean flames would be possible. It is noted that each curve in Fig. 2 extends to the right to only a certain extent; there is a maximum air velocity UA above which no stable flame is possible. This implies that for a given air velocity, there is a minimum swirl number limit. For example, for UA = 28 m/s in Fig. 2 , the minimum swirl number is 0.25. Operation at swirl number below 0.25 produces a peninsula-shaped region that does not extend sufficiently far to the right in Fig. 2 to overlap the vertical line UA = 28 m/s.
One of the curves in Fig. 2 , namely the zeroswirl curve, can be predicted accurately by the existing theory of Dahm and Mayman [21] . Dahm, and to a limited extent Vranos [26] and Yuasa [11] , also have measured zero-swirl blowout curves similar to the one in Fig. 2 . It is concluded from the zero-swirl curve of Fig. 2 that coaxial air alone (with no swirl) has a destabilizing effect on a flame. That is, the maximum fuel velocity in Fig.  2 is reduced from 61.7 m/s for zero coaxial air to 40 m/s for air velocity of 2.4 m/s. For air velocity above 2.4 m/s, the flame is not stable for any fuel velocity. It also can be concluded from Fig. 2 that even small amounts of swirl have a stabilizing effect; the semicircular stable region for S = 0.1 is larger than the stable region for zero swirl. However, the low-swirl, nonrecirculating flames are still less stable than the pure diffusion flame (i.e., the y-axis intercept in Fig. 2 ) because the stabilizing effects of swirl do not yet exceed the destabilizing effects of coaxial air.
On the other hand, a sufficient amount of swirl has a strong stabilizing effect on the flame. Figure  2 quantifies this effect in an unambiguous manner. It is seen that the fuel velocity can be increased by a factor of 5 over that of a simple jet flame (from 61.7 to 298 m/s). This is a significant improvement and allows the burner to provide five times the heating power (in kilowatts) of a nonswirling flame having the same fuel tube diameter. A1- though the stabilizing effects of swirl are well known, quantitative comparisons of swirl burners to non-swirling jet flames, such as Fig. 2 , are few. Yuasa [11] reports a fourfold improvement in the maximum fuel velocity due to swirl. Figure 3 shows another way to plot the flame blowout limits that can be more useful for practical design. In practical cases the overall fuel equivalence ratio may be specified. Figure 3 shows that there is an equivalence ratio that provides optimum fuel velocity and heat release for a given swirl number. For overall rich conditions at the burner exit (i.e., when outside entrained air is available) such as 1/~b = 0.5, it is seen that maximum fuel flow rate can be achieved by operating at the highest swirl number of 1.1. For fuel-lean conditions such as 1/4) --2.0, lower swirl is seen to be somewhat preferable. Thus rich flames are more stable if high swirl is provided while lean flames are limited to smaller amounts of swirl, which is in agreement with observations of Leuckel [9] . It is believed that rich flames benefit from the increased mixing of air into the flame caused by the swirlinduced vortex, while lean flames extinguish when all the excess air is rapidly mixed with the fuel.
EFFECT OF BURNER SIZE, FUEL TYPE
The effect of burner size on flame blowout can be observed by comparing Figs. 2, 4 , and 5. Three geometrically similar burners were operated using methane. Fuel tube diameters were 0.22, 0.34, and 0.48 cm as given in Table 1 . For zero coaxial air, the blowout velocities of the simple jet flames are observed to increase from 39.4 m/s (Fig. 4) to 61.7 m/s (Fig. 2) to 80.5 m/s (Fig. 5) Fig. 2 . It is noted that for the conditions of Fig. 4 , i.e., using the smallest burner, the stable region is no longer peninsula-shaped but a disjoined stable region occurs. These lifted flames only can be created by first increasing the velocity of the fuel jet such that it penetrates the recirculation zone, and then igniting the flame. Unlike a jet flame, these particular lifted flames cannot be achieved by starting with an attached flame and then increasing fuel velocity. In Fig. 5 , only portions of the blowout curves for S greater than 0.125 were measured due to limitations in metering the fuel and air.
The effect of adding hydrogen to the methane fuel is shown by comparing Figs. 6 and 7 to Fig.  4 . The burner size is the same for Figs. 4, 6, and 7 but the amount of hydrogen in the fuel is 0%, 33%, and 55% by volume, respectively. In all cases, the methane-hydrogen mixture was premixed in a high-pressure tank and all measurements were made with the same tank of fuel to ensure repeatability of fuel composition. The blowout velocity for zero swirl and zero coaxial air increases from 39.4 m/s (Fig. 4) to 90.2 m/s (Fig. 6 ) to 182.8 m/s (Fig. 7) as hydrogen is added. These blowout velocities for nonswirling H2-methane jet flames agree with Kalghatgi's correlation (Eq. 2); values of the maximum laminar burning velocity SL for the methane-hydrogen mixtures were taken from Ref. 27 , other mixture properties were determined from Ref. 28 .
It is noted that if it is desired to operate the present flame in an overall fuel-lean condition, some swirl is required. All of the zero swirl stable regions reported in Figs. 2, 4, 5, 6 , and 7 lie above the line marked O0 = 1.0, where overall fuel-rich conditions occur. The only stable lean flames (i.e., below the ~b0 = 1 line) are those with swirl.
COMPARISON OF ZERO-SWIRL BLOW-OUT CURVES WITH PREDICTIONS OF THE DAHM-MAYMAN ANALYSIS
In each of Figures 2, 4 , 5, 6, and 7, one of the flame blowout curves corresponds to zero swirl. It is useful to compare these curves to the predictions of the Dahm and Mayman (D-M) analysis [21] because the experimental data of the present study represents a range of new conditions, in- cluding methane-hydrogen mixtures and various air velocities and air tube diameters, that extend the range of the previous comparisons. The D-M analysis adds a coaxial airflow to the BDM analysis of a simple jet flame, which was described by Eqs. 4 and 5. The D-M analysis assumes that the actual geometry, which is a central fuel jet surrounded by a coaxial air flow, is identical in the far field to a hypothetical single jet of premixed fuel and air, for which the flame blowout limits are given by Eqs. 4 and 5. The analysis introduces no new empirical parameters. The only parameter is the constant 4.8 in Eq. 5, which has been shown to be universal for all jet flames, with and without coaxial air. The predicted shape of the flame blowout curve for zero swift is given by [21] Table   1 . For all curves dF/dA = 0.15.
burner geometries in the present study/3 is 0.0124 and ~ is 1.05. A comparison of the present results to the predicted blowout curves for zero swirl is shown in Fig. 8 . It is seen that for the case of methane fuel in the top portion of Fig. 8 , the D-M analysis predicts flame blowout curves that are in reasonably good agreement with the present measurements for zero swirl. Most importantly, the physics of the analysis appears to be correct because it properly predicts that blowout occurs by either sufficiently increasing or sufficiently decreasing the fuel velocity for a given air velocity. For the two cases of hydrogen-enriched fuel shown in Fig. 8 , the effect of air velocity is properly predicted but the vertical extent of the predicted curves does not agree with the data. The reason for the disagreement is believed to be due to the large uncertainty in the maximum laminar burning velocity of methane-hydrogen mixtures. Values of SL used in Fig. 8 were taken from Ref. 27 and are given in Table 1 . Although there is a 40% difference between the measured y-axis intercept in Fig. 8 and theory, the data are scaled by SL 2 so if the true value of SL is actually 18% larger than the empirical values used, all the curves in Fig. 8 would pass through a y-axis intercept of unity and would agree with theory. The disagreement could instead be due to weakness in the BDM analysis, but this is less likely since the BDM analysis accurately predicts the blowout of pure methane flames (see Fig. 8 , top curves) and pure hydrogen flames [20] .
ANALYSIS: CORRELATION OF RICH BLOWOUT LIMITS WITH SWIRL VELOCITY
Previous analyses of nonswirling flames have shown that blowout can be explained as the condition that occurs when a local inverse Damkohler number (UcL/6)(SL2/eO exceeds some critical value, which leads to Eq. 4. Because UCL and are local conditions at the location where the lifted flame blows out, it is necessary to relate UCL and t5 to the throat conditions UF, dF, S, etc.
It is proposed that one can represent lifted and jet-like swirl flames (Figs. la and b) as a fuel jet that has penetrated through a toroidal vortex, as shown in Fig. 9 . The effect of swirl therefore is to reduce the local centerline velocity UCL, at every axial location, below that of the nonswirling case ric air-fuel ratio [20] . Therefore, if one used the BDM concept that was used to derive Eq. 5, blowout should occur where
where e is a universal constant that is 4.8 [20] . By substituting Eqs. 9 and 10a into Eq. 10b, and using the relations for Uj, 6, z, and L described in the previous paragraph it follows that the effects of swirl can be represented by the following relation: stream location where the lifted flame blows out. The velocity induced at a distance z from a free vortex is the vortex circulation divided by 2~-z; similarly the experimental data of Ref. 1 show that Uo is proportional to the vortex circulation, which is proportional to the characteristic recirculation zone velocity (URz) multiplied by the recirculation zone radius (b). URZ is defined [1] as the volumetric flow rate of gas that recirculates divided by the maximum recirculation zone radius squared times pi. Measured values of URZ are reported in Ref. 1, which shows that URZ is, in turn, proportional to the characteristic angular velocity of air at the throat (U0), which is defined as the product of U A • S; thus URzb Uv ~ 2rz URZ"~U0--U0, c, Uo-UA'S.
Uo, c is the critical value of angular velocity required to create a recirculation zone. The recirculation zone radius (b) is proportional to dA (1).
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where DaB is given by Eq. 5 and c l is a constant. Un curve is proportional to swirl number, as is predicted by the analysis. This suggests that the proposed mechanism for the stabilizing effect of Table  1 . 
which identifies the inverse Damkohler number based on Uo as the general governing parameter.
To test the generality of Eq. 12, the rich blowout limit data are replotted in Fig. 12 using the parameters suggested by Eq. 12; it is seen that the data collapse to form a single linear curve. The value of cl that is obtained from Fig. 11 is 1.50; this constant is believed to be geometry dependent. However, the linear correlation seen in Fig.  12 is a general result because the data plotted represent a wide range of different values of Uo, dF, dA, and SL.
CONCLUSIONS

1.
A coaxial air flow with no swirl has a destabilizing effect on a nonpremixed jet flame; adding a small amount of swirl to the airflow slightly improves stability, but the maximum fuel flow rate achievable is still less than the case of no coaxial air. However, if sufficient swirl velocity is imparted to create a recirculation zone, up to a fivefold improvement in flame stability is measured. 2. At the rich blowout limit, the effect of swirl is to create a vortex which reduces the centerline fuel jet velocity. This concept explains the observed trends in the data and suggests that the two governing parameters are Damkohler numbers based on fuel jet and swirling air flow properties, as given by Eq. 12. 3. Using the proper nondimensional parameters, the measured blowout curves obtained for a range of swirl numbers, air and fuel velocities, burner sizes and fuel types were found to collapse to a single general curve. 4. For the geometry considered, if overall lean conditions are desired, some amount of swirl is required to achieve a stable flame. However, excessive swirl also can destabilize a lean flame, so an optimum amount of swirl exists.
